A new biocatalyst in the form of Komagataeibacter xylinum B-12429 cells immobilized in poly(vinyl alcohol) cryogel for production of bacterial cellulose was demonstrated. Normally, the increased bacteria concentration causes an enlarged bacterial cellulose synthesis while cells push the polysaccharide out to pack themselves into this polymer and go into a stasis. Immobilization of cells into the poly(vinyl alcohol) cryogel allowed "deceiving" them: bacteria producing cellulose pushed it out, which further passed through the pores of cryogel matrix and was accumulated in the medium while not covering the cells; hence, the latter were deprived of a possible transition to inactivity and worked on the synthesis of bacterial cellulose even more actively. The repeated use of immobilized cells retaining 100% of their metabolic activity for at least 10 working cycles (60 days) was performed. The immobilized cells produce bacterial cellulose with crystallinity and porosity similar to polysaccharide of free cells, but having improved stiffness and tensile strength. Various media containing sugars and glycerol, based on hydrolysates of renewable biomass sources (aspen, Jerusalem artichoke, rice straw, microalgae) were successfully applied for bacterial cellulose production by immobilized cells, and the level of polysaccharide accumulation was 1.3-1.8-times greater than suspended cells could produce.
Introduction
Currently, the interest in bacterial cellulose (BC) is increasing because of its possible use in such areas as medicine, food and textile industries, the production of new nanocomposite materials based on it and the solution of environmental problems [1] [2] [3] [4] . First of all, this is due to the fact that BC is nontoxic and biocompatible material with an increased water-holding capacity, high tensile strength, as well as elasticity and porosity [5, 6] . Unlike plant cellulose, BC does not require isolation and purification of lignin and hemicellulose, so the processes of producing BC are much less costly and energy-consuming [7] .
Broadening of the scope and applications of BC is directly dependent on the availability of productive processes that provide high yields of this valuable biotechnological product [8] . Acetic acid bacteria in a static culture are mainly used to produce BC [9, 10] . Analysis of known results enables determination of several main problems of BC production in general. It is a rather long process (up to 336 h), and the final product yield is influenced by many factors (type and concentration of the carbon source in the medium, composition and pH of the nutrient medium) [11] . Various carbon sources were examined for the purpose of BC synthesis, while glucose appeared to be the high-usage carbon source for the synthesis of BC [12] . However, when bacterial cells are grown, gluconic acid accumulates in a glucose-containing medium, which lowers the pH of the medium and reduces the level of BC is into a programmed genetic response of cells to their increased concentration per unit volume. The rectitude of these arguments is confirmed by recently published results, according to which BC synthesis is activated when cell concentration notably increases [29] . Theoretically, in the case of BC producers, the immobilization of cells could allow one to obtain highly concentrated populations of cells where BC biosynthesis is regulated by such phenomena as quorum sensing [30] . Therefore, application of cell immobilization looks like a way to improve cell stabilization and increase process productivity. Despite the mentioned advantages of immobilization, currently examples of using immobilized producer cells of BC are rare. For example, to increase the synthesis of BC, a bioreactor was used with Acetobacter xylinum ATCC 700178 cells immobilized on a plastic composite support (PCS) produced on the basis of polypropylene. The synthesis of BC has been shown to increase 2.5-times as compared with free cells. The obtained BC samples had a higher degree of crystallinity (93%) with a crystal size of 5.2 nm. Such cellulose samples had improved tensile properties [22] . However, the researchers emphasized that the support used and the method of immobilization applied (cell adsorption on the surface of the carrier) did not enable long-term application of the immobilized cells in BC production.
The possibility and effectiveness of the application of immobilization methods differed from cell adsorption for BC producers, namely inclusion of bacterial cells into the gel matrices, under question, since according to the basic ideas with regard to the immobilization of microorganism cells, it is considered expedient to include cells in gel carriers only if the substrate and product for these cells are low molecular substances [31, 32] . The highly molecular weight polysaccharide like BC is synthesized by cells being inside of the carrier, while BC should accumulate in the medium.
This situation seems nonsensical. However, having extensive and successful experience in applying poly(vinyl alcohol) (PVA) cryogels, which ensure favorable conditions for mass transfer processes for immobilized cells of various microorganisms [33, 34] , it was decided to try this medium to immobilize BC producers. The idea of such an investigation initially seemed ineffective, but the prospect of looking at the final result was encouraging (namely, at the BC cell synthesis and the polymer yield out of the carrier). Since PVA cryogel has a macroporous structure with a variable pore size, it is a stable in chemically different media and has high mechanical and thermal resistance while being inexpensive and generally recognized as safe [35] , so its use seemed very attractive. Theoretically, in the case of BC producers, the immobilization of cells could allow one to obtain highly concentrated populations of cells where BC biosynthesis is regulated by such phenomena as quorum sensing [30] . Therefore, application of cell immobilization looks like a way to improve cell stabilization and increase process productivity. Despite the mentioned advantages of immobilization, currently examples of using immobilized producer cells of BC are rare. For example, to increase the synthesis of BC, a bioreactor was used with Acetobacter xylinum ATCC 700178 cells immobilized on a plastic composite support (PCS) produced on the basis of polypropylene. The synthesis of BC has been shown to increase 2.5-times as compared with free cells. The obtained BC samples had a higher degree of crystallinity (93%) with a crystal size of 5.2 nm. Such cellulose samples had improved tensile properties [22] . However, the researchers emphasized that the support used and the method of immobilization applied (cell adsorption on the surface of the carrier) did not enable long-term application of the immobilized cells in BC production.
This situation seems nonsensical. However, having extensive and successful experience in applying poly(vinyl alcohol) (PVA) cryogels, which ensure favorable conditions for mass transfer processes for immobilized cells of various microorganisms [33, 34] , it was decided to try this medium to immobilize BC producers. The idea of such an investigation initially seemed ineffective, but the prospect of looking at the final result was encouraging (namely, at the BC cell synthesis and the polymer yield out of the carrier). Since PVA cryogel has a macroporous structure with a variable pore size, it is a stable in chemically different media and has high mechanical and thermal resistance while being inexpensive and generally recognized as safe [35] , so its use seemed very attractive.
Thus, the purpose of this study was to investigate the possibility and effectiveness of employing Komagataeibacter xylinum bacterial cells in an immobilized form with the use of a highly porous support (PVA cryogel) for cell inclusion in the process of BC biosynthesis while different culture media prepared using hydrolysates of various renewable sources of biomass (aspen, Jerusalem artichokes, wheat and rice straw) were applied. The comparison analysis of BC production by the same free and immobilized cells as biocatalysts was also very interesting.
Results

Conditions Influencing BC Production by Immobilized Cells
Initially, the samples of immobilized biocatalysts based on Komagataeibacter xylinum B-12429 cells were produced by using PVA cryogel in the form of granules and sheets ( Figure 2 ). Thus, the purpose of this study was to investigate the possibility and effectiveness of employing Komagataeibacter xylinum bacterial cells in an immobilized form with the use of a highly porous support (PVA cryogel) for cell inclusion in the process of BC biosynthesis while different culture media prepared using hydrolysates of various renewable sources of biomass (aspen, Jerusalem artichokes, wheat and rice straw) were applied. The comparison analysis of BC production by the same free and immobilized cells as biocatalysts was also very interesting.
Results
Conditions Influencing BC Production by Immobilized Cells
Initially, the samples of immobilized biocatalysts based on Komagataeibacter xylinum B-12429 cells were produced by using PVA cryogel in the form of granules and sheets ( Figure 2 ). Firstly, the immobilized biocatalyst shaped like granules was used for BC accumulation in the Hestrin-Schramm (HS) medium (pH 5.6) with 20 g/L glucose. To better visualize the appearance of BC from granules with immobilized cells, the sample of the biocatalyst was placed into a Petri dish (Figure 2b ). It became clear that immobilized cells weaved and push out the pieces of BC from the volume of polymeric granules (Figure 2b ) that further combine into the joint BC slice. Further, a portion of granules was inoculated into HS-medium for accumulation of BC in flask (Figure 2c ) to evaluate the efficacy of producing BC by using immobilized cells (Figure 3) . A process using immobilized and free cells concurrently conducted during 190 h at a temperature of 28 °C. The initial concentrations of cells in the medium were the same and equaled 0.03 g cell dry weight (CDW)/L. It was shown that almost all the glucose amount initially introduced into the medium was consumed by the cells by 120 h (Figure 3a) . Accumulation of BC was 1.6-times higher with immobilized cells employed in comparison with free producers. The accumulation of free cells in the medium was negligible in the case of immobilized biocatalyst and maximally amounted to 0.05 g CDW/L, which was six-times less in comparison with suspended cells used as BC producers (Figure 3b ). Obviously, this process was followed by the decrease in pH of culture medium owing to accumulation of acidic metabolites, and in the case of immobilized cells it was notably less intensive especially for the first 70 h of cultivation.
The effect of varying the shape of immobilized biocatalyst (granules or sheets), as well as the concentration of cells initially introduced into the PVA cryogel on the process of BC producing by immobilized biocatalyst was investigated (Table 1 ). It was demonstrated that the rate of BC accumulation in the medium slightly increases as the concentration of immobilized cells rises from 20-60 g CDW/kg in granules, whereas the general amount of PVA cryogel with entrapped cells was the same in all samples. There was no difference between concentrations of BC accumulated by cells immobilized in polymer matrix shaped like granules or sheets.
The use of increased concentration of immobilized cells in the PVA cryogel allows one to enlarge the cell concentration in the medium without changing the total amounts of biocatalysts implemented in the process. The introduction of cell biomass in the range 3.2-9.5 g CDW/L into immobilized biocatalyst did not result in the significant improvement of the process productivity, which was probably due to the limitation of immobilized cells along the substrate in the polymer support. Nevertheless, the presence of macroporous matrix such as PVA cryogel spatially dividing the cells between each other and concurrently allowing retaining a high volumetric concentration of cells appeared to change by a little bit the mentioned conception related to cell inoculum concentrations useful for BC production. It was shown that almost all the glucose amount initially introduced into the medium was consumed by the cells by 120 h (Figure 3a) . Accumulation of BC was 1.6-times higher with immobilized cells employed in comparison with free producers. The accumulation of free cells in the medium was negligible in the case of immobilized biocatalyst and maximally amounted to 0.05 g CDW/L, which was six-times less in comparison with suspended cells used as BC producers (Figure 3b ). Obviously, this process was followed by the decrease in pH of culture medium owing to accumulation of acidic metabolites, and in the case of immobilized cells it was notably less intensive especially for the first 70 h of cultivation.
The use of increased concentration of immobilized cells in the PVA cryogel allows one to enlarge the cell concentration in the medium without changing the total amounts of biocatalysts implemented in the process. The introduction of cell biomass in the range 3.2-9.5 g CDW/L into immobilized biocatalyst did not result in the significant improvement of the process productivity, which was probably due to the limitation of immobilized cells along the substrate in the polymer support. Nevertheless, the presence of macroporous matrix such as PVA cryogel spatially dividing the cells between each other and concurrently allowing retaining a high volumetric concentration of cells appeared to change by a little bit the mentioned conception related to cell inoculum concentrations useful for BC production. 
Different Sugars and Glycerol as Sources for BC Synthesis
Then, it was further investigated what the impact of the glucose concentration introduced into the medium on the yield of BC produced by immobilized biocatalyst in the same concentration of 9.5 g CDW/L was. For this purpose, the glucose concentration ranging from 30-100 g/L was further applied (Figure 4 ). It was demonstrated that when the original concentration of glucose in the medium was 30 g/L, there was an increase in BC accumulation, and the BC productivity of the process was 1.25-time higher. 
Then, it was further investigated what the impact of the glucose concentration introduced into the medium on the yield of BC produced by immobilized biocatalyst in the same concentration of 9.5 g CDW/L was. For this purpose, the glucose concentration ranging from 30-100 g/L was further applied (Figure 4 ). It was demonstrated that when the original concentration of glucose in the medium was 30 g/L, there was an increase in BC accumulation, and the BC productivity of the process was 1.25-time higher. The optimal initial concentration of glucose in the medium appeared to be 30 g/L (Figure 4) , and when it was over this level, both parameters such as process productivity and the target product yield decreased with the consumed substrate taken into account. When the initial concentration of glucose in the medium was more than 50 g/L, immobilized cells produced BC 1.3-times less than during the same time period compared to the concentration of glucose at 30 g/L, while the glucose consumption rate decreased. Accumulation of free cells in the culture liquid was more pronounced at higher concentrations of glucose in the medium. Therefore, a part of the consumed substrate was obviously used by immobilized cells for free biomass accumulation instead of BC synthesis, since then, the use of glucose concentration over 30 g/L appeared to be unreasonable.
The study was focused on the potential of using not only glucose, but other sugars as sources of carbon for BC obtaining (Table 2) . To this end, various mono-and di-saccharides (as well as their mixtures at a concentration of 20 g/L) were introduced into the HS-medium instead of glucose; a The optimal initial concentration of glucose in the medium appeared to be 30 g/L (Figure 4) , and when it was over this level, both parameters such as process productivity and the target product yield decreased with the consumed substrate taken into account. When the initial concentration of glucose in the medium was more than 50 g/L, immobilized cells produced BC 1.3-times less than during the same time period compared to the concentration of glucose at 30 g/L, while the glucose consumption rate decreased. Accumulation of free cells in the culture liquid was more pronounced at higher concentrations of glucose in the medium. Therefore, a part of the consumed substrate was
obviously used by immobilized cells for free biomass accumulation instead of BC synthesis, since then, the use of glucose concentration over 30 g/L appeared to be unreasonable.
The study was focused on the potential of using not only glucose, but other sugars as sources of carbon for BC obtaining (Table 2) . To this end, various mono-and di-saccharides (as well as their mixtures at a concentration of 20 g/L) were introduced into the HS-medium instead of glucose; a parallel assessment of the level of BC was performed that was produced in these media by free and immobilized cells used in the same concentrations. The process was conducted over seven days at 28 • C. Once again, immobilized cells provided the best indicators for the process, but both them and free cells showed a low BC yield in media with maltose and galactose taken as the main carbon source; xylose and arabinose happened to be almost non-convertible into BC by the bacterial strain used. In general, the experiment confirmed that the cells investigated can synthesize BC in media with mixtures of different sugars, and this created the grounds for further study of possibilities for producing BC in media with hydrolysates of various renewable raw materials, in which such mixtures of sugars are present. According to the literature data [14] , glycerol may be a promising substrate for BC synthesis, which is a large-tonnage waste product of biodiesel production. In this connection, there has been a study of BC synthesis by immobilized cells in a medium with glycerol in various concentrations ( Figure 5 ). It was found that an increase in the initial concentration of glycerol in the medium to 20 g/L triggered an increase in the concentration of the BC accumulating. However, a subsequent increase in the concentration of glycerol did not lead to increased levels in BC synthesis. Thus, it was first shown that glycerol can be successfully applied as the main source of carbon for the BC production with immobilized cells, with the level of BC synthesis using 20 g/L of glycerol comparable to the level of BC synthesis in media with 20 g/L of glucose (Table 2 ).
Various Hydrolysates of Renewable Raw Materials as Media for BC Obtaining
To assess the range of the substrates spectrum employed to obtain BC produced by immobilized cells, a process was conducted during six days under static conditions using enzymatic hydrolysates of plant materials (aspen, rice straw, wheat straw and Jerusalem artichoke) ( Table 3 ). The concentration of immobilized and free cells was identical (9.5 g CDW/L). The initial concentration of reducing sugars (RS) in hydrolysates was analyzed (Table 3) . It should be noted that the main sugar in the aspen, rice and wheat straw hydrolysates was glucose, and in the artichoke hydrolysate, there were two main sugars: fructose (36 g/L) and glucose (17 g/L). It was found that the concentration of BC produced by immobilized cells in the artichoke enzymatic hydrolysate was 1.25-time higher than it was in the
enzymatic hydrolysates of aspen, wheat and rice straw. The advantages of immobilized cells were also obvious in this process.
According to the literature data [14] Figure 5 ). It was found that an increase in the initial concentration of glycerol in the medium to 20 g/L triggered an increase in the concentration of the BC accumulating. However, a subsequent increase in the concentration of glycerol did not lead to increased levels in BC synthesis. Thus, it was first shown that glycerol can be successfully applied as the main source of carbon for the BC production with immobilized cells, with the level of BC synthesis using 20 g/L of glycerol comparable to the level of BC synthesis in media with 20 g/L of glucose (Table 2 ). The process of the transformation of sugars present in biomass hydrolysates of micro-and macro-algae in BC was carried out ( Table 4 ). The conditions of the process were identical to the previous experiment. The best indicators for BC synthesis were achieved in a medium with hydrolysates of Chlorella vulgaris biomass. However, for hydrolysates of macroalgae in general compared to hydrolysates of other renewable raw materials (Table 3) , BC synthesis was lower, which may be explained by the high viscosity of the medium itself, which was caused by strongly swelling substrates, which prevented a highly effective mass transfer in the cells. In this regard, cells immobilized in PVA cryogel were reused multiple times under static conditions of BC production. For this purpose, the culture broth was replaced with a fresh medium (artichoke hydrolysate) after each working cycle in the reactor with immobilized cells (Figure 6 ). It was shown that immobilized cells maintain 100% metabolic activity after 10 cycles under static conditions (60 days). The BC yield in this case amounted to 4.5 ± 0.1 g/L, and the process productivity was 0.75 ± 0.2 g/L/day. One of the known advantages of immobilized cells is in the fact that they can be re-used many times in biotechnological procedures, and in this work, immobilized cells demonstrated a high metabolic activity after 10 working cycles under batch static conditions when the artichoke enzymatic hydrolysate was used as a carbon source (Figure 6 ).
At the next stage, the obtained BC samples' characteristics were investigated ( Table 5 ). As it turned out, BC produced with immobilized cells under the same conditions with free cells had higher tear resistance, a 30% greater thickness and a higher degree of polymerization. An even thicker and more durable BC film was formed by culturing immobilized cells on the hydrolysate of Jerusalem artichoke. As for the other properties, the resulting films were virtually identical. 
Discussion
The formation of BC three-dimensional interconnected reticular pellicle was previously reported for free cells cultivated under static conditions [10] . According to the results of Borzani and Desouza [36] , the process of cellulose formation under static conditions is regulated by the concentration of free cells in the medium, and BC synthesis usually reaches its limit when the pellicle growth is downward, since BC entraps all bacteria, and bacterial cells become inactive due to insufficient oxygen supply through the BC-cover with nanosized pores. The process of BC formation under static condition is regulated by air supply from the medium surface [37] . All these facts were generated in the following existing paradigm: when the bacterial cells are entrapped by adsorption One of the known advantages of immobilized cells is in the fact that they can be re-used many times in biotechnological procedures, and in this work, immobilized cells demonstrated a high metabolic activity after 10 working cycles under batch static conditions when the artichoke enzymatic hydrolysate was used as a carbon source (Figure 6 ).
The formation of BC three-dimensional interconnected reticular pellicle was previously reported for free cells cultivated under static conditions [10] . According to the results of Borzani and Desouza [36] , the process of cellulose formation under static conditions is regulated by the concentration of free cells in the medium, and BC synthesis usually reaches its limit when the pellicle growth is downward, since BC entraps all bacteria, and bacterial cells become inactive due to insufficient oxygen supply through the BC-cover with nanosized pores. The process of BC formation under static condition is regulated by air supply from the medium surface [37] . All these facts were generated in the following existing paradigm: when the bacterial cells are entrapped by adsorption into BC matrix, they are metabolically inactive, so the immobilization of BC producers is not a good means for successful production of the polysaccharide.
This work demonstrated the opposite results to this paradigm since the immobilization of BC-producing cells into PVA cryogel appeared to be efficient. Obviously, the effect was obtained owing to the difference between the porous characteristics of the specially-used PVA cryogel and naturally-forming BC that have micro-and nano-porous structures, correspondently.
An advantage of applying immobilized cells is the possibility of their repeated use, which can be quite beneficial in BC production, since it is known that during BC formation, free bacterial cells are adsorbed on its surface [10] , making it necessary to constantly re-grow a fresh biomass of cells for BC producing, and the process of accumulation of BC producer biomass takes about 24 h [38, 39] . This means that with immobilized cells, it is possible to overcome this problem (loss of time for biomass accumulation de novo) in BC production.
The use of HS-medium for genus Komagataeibacter cells usually provides low enough levels of accumulated BC. For example, it was shown for K. hansenii cells that application of HS-medium results in production of BC in concentration of 0.422 ± 0.007 g dry weight (DW)/L for 14 days under static conditions [40] . In another publication, one can see that it possible to reach the BC accumulation by free cells in a concentration of 1.15 ± 0.03 g DW/L by using HS-medium for seven days [41] . In this work, the BC was obtained under the same conditions (HS-medium, seven days and static cultivation) in concentrations of 1.74 ± 0.03 g DW/L and 2.9 ± 0.1 g DW/L when the free and immobilized Komagataeibacter xylinum cells were used, correspondently. Therefore, it appeared that production of BC depends not only on the medium used, but is influenced by both species of bacterial genus Komagataeibacter and the state of cells (suspended or immobilized) used in the process.
Medium pH was found to be critical for high BC productivity in many studies [10, 11] . Obviously, gluconic acid reduces the pH of the medium down to 3.0, which can result in inhibition of BC accumulation. It is worth noting that in the medium with immobilized cells, there was also a notable decrease in pH of the medium (Figure 3 ) already after the first day of cultivation, but it was less than in samples with free cells, probably due to less formation of metabolites (of gluconic acid lowering the pH, in particular) and more accumulation of BC.
The main purpose of this work was to develop and use a biocatalyst in the form of PVA cryogel-immobilized Komagataeibacter xylinum cells that can more efficiently produce BC in the batch static mode of cultivation as compared to free cells and to demonstrate that immobilization of bacteria is not a barrier for BC production.
The increased BC accumulation by immobilized Acetobacter xylinum ATCC 700178 cells as compared to their suspended form was previously published by Cheng et al. [22] . These experimental data were obtained with cells adsorbed on PCS, so the conditions of the immobilizing procedure were very friendly for cell survival. The results of the present investigation also demonstrated that the BC-producing cells were rather successful at surviving within the immobilization procedure consisting of freezing a cell suspension in a PVA solution with simultaneous formation of a cryogel matrix around the cells.
The concentration of BC-producing cells initially introduced into the process plays an important role in cellulose production. For instance, it was revealed that the increase in cell inoculum concentration over 5% (v/v) lowers the BC yield [42] . A similar conclusion done by other researches experimentally revealed how the amount of cell inoculum influences the BC production [43] . It appeared that when the inoculum concentration was decreased from 6-4% (v/v), the BC accumulation was increased, and further increasing or decreasing the inoculum from 4%, a decline in BC production was observed. Hornung et al. reported that for maximum BC production, the total cell count is not important, and the really significant quantity is the number of cells in the aerobic zone that are producing BC [23] . In this work, it was clearly shown that the initial concentration of cells in the medium can affect the BC production efficiency (Table 1) , and an increase in cell concentration can be positive if the cells are in immobilized form, allowing one to separate them from each other in the frame of the porous matrix.
It is known then that a higher concentration of glucose is initially used for BC production, then lower BC yield can be observed, since the accumulation of cell-inhibiting concentrations of gluconic acid is occurring [10, 44] . However, it was shown that BC production can be enhanced with increased glucose concentration up to 4% (w/v), but decreased above 4% along with the decline of pH-medium to below 2.58 [25] .
In is known from previous publications that replacement of glucose-containing HS-medium for suspended cells by glucose-containing hydrolysates obtained on the basis of different wastes usually resulted in increased BC yield. For instance, the use of wheat straw hydrolysates provided 15.4 g/L BC, and the level of BC accumulation was 50% higher as compared to the same parameter obtained using routine carbon sources [45] . BC from cotton cloth hydrolysate was obtained at a yield of 10.8 g/L, which was 83% higher than that from the culture grown on glucose-based medium [16] . A low-cost medium based on soya bean whey (SBW) was used for the production by Komagataeibacter sp. PAP1 [41] . The use of SBW medium increased BC production 3.6-fold compared to standard HS-medium. The use of corncob acid hydrolysate as a substrate for BC production by Gluconacetobacter xylinus cells provided a BC yield of 4 g/L after 14 days of static cultivation. [44] . This investigation of the possible use of agricultural waste hydrolysates for BC production by immobilized cells demonstrated both productivity and BC yield at a high level in the medium containing artichoke enzymatic hydrolysate (Table 3) . Most likely, this was due to the fact that the artichoke hydrolysate included a mixture of sugars (glucose and fructose). Zeng et al. noted that BC production with maple syrup was almost as high as when using pure fructose and much higher than when using glucose [46] , and this fact is consistent with the viewpoint that the composition of sugars does not affect BC production if fructose exists in the medium, possibly because fructose activates a phosphoenolpyruvate-dependent phosphotransferase system in A. xylinum [47] . In addition, it is worth noting that all the glucose was fully utilized by cells, and the residual concentration of fructose was 22.7 g/L. In other hydrolysates, there was only glucose present.
The results obtained during multiple use of immobilized cells for BC production were very good and show promise to be used in practice, since Cheng et al. previously used PCS as a support for cell immobilization by adsorption of bacteria on the surface of the carrier and reported that this matrix and method did not contribute to a long period of employing the immobilized cells to produce BC [22] .
The characteristics of BC samples produced by Komagataeibacter xylinum in both free and immobilized form under identical conditions demonstrated higher tear resistance and greater thickness, as well as a higher degree of polymerization of BC produced by immobilized cells. These results correlate with the data of other researches. For example, Suwanposri et al. noted that mechanical properties of BC accumulated in the medium based on the use of SBW had a 108% increase in tensile strength and an 841% rise in Young's modulus over those of the HS medium [41] . However, the elongation at break of SBW film (3.28%) was 3.4-time less than that of HS film (11.17%). Huang et al. showed that BC produced from corncob acid hydrolysate had relatively high crystallinity and a high crystallinity index value (95.2% and 93.8%, respectively) [44] . The mechanical strength analysis done by Cheng et al. demonstrated that BC produced by being immobilized on PCS cells, similar to the pellicle form, improved its tensile strength to a point comparable to that observed in pellicle form [22] .
Materials and Methods
Microbial Strains and Culture Media
A strain of Komagataeibacter xylinum B-12429 bacteria that derived from the Russian National Collection of Industrial Microorganisms (Moscow, Russia) was used in the study. The cell culture was carried out under aerobic conditions using the thermostatically-controlled shaker Adolf Kuhner AG (Basel, Switzerland) and BioSan ES-20 (Riga, Lithuania), which enabled continuous agitation of the culture liquid (150 rpm). To accumulate bacterial biomass at a temperature of 29 ± 1 • C, a culture medium, Hestrin-Schramm (HS), was used that had the following composition (g/L): glucose: 20; yeast extract: 5; peptone: 5; K 2 HPO 4 ·3H 2 O: 2.7; MgSO 4 ·7H 2 O: 0.5; citric acid: 1.15, pH: 5.6 ± 0.2.
Cells' Immobilization
Immobilized cells were produced using a patented procedure [48] by adding to a poly(vinyl alcohol) (PVA) aqueous solution (12%) the biomass of bacteria cells previously separated from the culture medium by centrifugation with a Avanti J 25 (Beckman Coulter, Brea, CA, USA) at 8000 rpm during 15 min. The final concentration of cell biomass in the obtained suspension was 20-60 g cell dry weight (CDW)/kg ( Table 1 ). The mixture of polymer solution and cells was stirred to obtain a homogeneous mass, which was afterwards used to form granules by dispensing the cell suspension into the PVA aqueous solution per 0.5 mL into each well of 96-well plates or the suspension was poured in an even layer (0.5 cm) into a flat bottom tank (30 × 30 cm) to form a single layer of PVA cryogel with cells included in it. All plates were further frozen at −20 • C, then kept in the frozen state for 24 h and later thawed at 8 • C during 8-12 h to obtain immobilized biocatalysts in the form of granules or sheets (Figure 2a-f ).
Analytical Methods
The growth of the biomass of free cells was monitored by spectrophotometry. The degree of optical absorption of samples of the culture liquid at 540 nm was monitored using the spectrophotometer Agilent UV-853 (Agilent Technologies, Waldbronn, Germany), and the exact concentration of the cells was determined by calibration curves that establish the dependence of the optical absorption on the precisely known concentration of cells in a sample to be analyzed. Glucose concentration was determined by the enzymatic technique using a standard Impact reagent kit ("OOO Impact", Moscow, Russia). The Shomody-Nelson method was applied to determine the concentration of reducing sugars (RS) [49] . The concentration of fructose was determined by liquid chromatography under high pressure using a 1100 Agilent chromatograph with an amperometric detector (Agilent Technologies, Waldbronn, Germany) and a Dionex Carbopak PA-20 anion exchange column (Thermo Fisher Scientific, Waltham, MA, USA). A solution of 7.5 mM NaOH was used as the eluent.
Potentiometric measurements were conducted to control pH values of the media prepared and of samples selected in the experiments (a Corning Pinnacle 530 pH-meter (Corning Incorporated, New York, NY, USA) was used).
To determine cell dry weight (CDW), we used a sample of the biomass separated from the culture liquid by centrifugation (8000 rpm, 10 min, Avanti J 25 centrifuge (Beckman Coulter, Brea, CA, USA)) that was brought to constant weight by drying at +80 • C. A granule of the immobilized biocatalyst was also dried to constant weight. Knowing the initial concentrations of cells and the weight of the polymer when forming the granules, we calculated the concentrations of cells in the immobilized biocatalyst using the dry weight parameters.
BC Production
The following variant of HS-medium (g/L) was used to produce BC (Figure 2g ,h): peptone: 5; yeast extract, 5; K 2 HPO 4 , 2.7; MgSO 4 , 0.5; citric acid, 1.15; but its pH value was adjusted to 7.0 ± 0.1 with 2 M KOH. The concentration of glucose was varied (20-100 g/L) in the medium. The process was conducted at 28 • C during 6-7 days under static conditions in a 500-mL Erlenmeyer flask (Purex, Corning Incorporated, New York, NY, USA) with 100 mL of medium.
Free cells and biocatalysts shaped like granules or sheets (Figure 2c ,i) with immobilized cells were used multiple times under the same conditions to produce BC. In some experiments, the glucose was replaced in HS-medium by glycerol. In experiments with hydrolysates of renewable sources, the HS-medium was completely replaced by them.
We purified the BC film by placing it into a 0.5% NaOH solution for 24 h at a temperature of 25-27 • C and stirring it periodically. After the BC-film was washed in distilled water, its properties were investigated.
Pretreatment and Fermentative Hydrolysis of Biomass
Samples of aspen, rice and wheat straw were pre-dried to a residual humidity of 7-10% and milled to a particle size of 100-300 microns using an impeller mill Mikrosilema IM-450 (Techpribor, Schekino, Russia). Physicochemical pretreatment of the renewable biomass was carried out in the presence of 1.5% H 2 SO 4 at 150 • C during 1 h. A mixture of commercial preparations of cellulases such as Spezyme CP (Dupont, Ney York, NY, USA) and Novozyme-188 (Novozymes Corp., Copenhagen, Denmark) was used for the enzymatic hydrolysis of renewable raw materials (the ratio between preparations in the mixture was 3:1). Enzyme preparations were introduced into the reaction medium (10 mg of protein per 1 g of the substrate dry matter). Hydrolysis was carried out in the medium based on 0.05 M citrate buffer (pH 5.0) at 50 • C and with constant stirring at 250 rpm during 24 h.
Jerusalem artichoke tubers (humidity: 0%) were hydrolyzed by introducing into the crushed mass of enzyme preparations of inulinases from Aspergillus niger (Novozymes Corp., Copenhagen, Denmark), cellulases (2 mg of total protein/g of the dry substrate) and β-glucosidase (40 units of cellobiase activity/g of the dry substrate). The hydrolysis was carried out without addition of water at 50 • C, pH 6.5 and constant stirring at 250 rpm for 6 h. At the end of the process, the hydrolysate was separated from the non-hydrolyzed biomass by centrifuge (Beckman Coulter, Brea, CA, USA) at 6000 rpm during 10 min.
In all samples of obtained hydrolysates, the pH value was adjusted with 2 M KOH up to 7.0 ± 0.1 before their application in BC production.
Characterization of BC Samples
The tensile strength and Young's modulus of the BC pellicles were analyzed through tensile tests, using a testing machine BP DLC 1 (Tochpribor, Moscow, Russia). The specimens were cut in a rectangular shape using a paper cutting machine, producing samples with dimensions of 1 cm × 7 cm individual sample thickness. Three samples were cut per pellicle and used in each experimental session. The BC samples were stretched at a constant speed of 5 mm/min until the failure of the sample occurred. A Mitutoyo digital thickness indicator was used to measure the thickness of each specimen (Mitutoyo Corp., Kanagawa, Japan).
The crystallinity index of BC was measured using X-ray diffractometric analysis as described by Mohammadkazemi et al. [50] . A multi-purpose diffractometer Philips PW3040/60 (Philips, Amsterdam, The Netherlands) was used in this work. Analysis of polymerization degree and purity of BC was done as described by Lu et al. [5] . Dried BC samples were soaked in deionized water during 12 h at room temperature, and the weight in water was measured by harnessing the sample in a device, which suspended the sample in water. The porosity was calculated using the following formula: porosity (%) = (wet weight − dry weight)/(wet weight − weight in water) × 100.
All experiments were carried out in triplicate. The microbiological purity of cultures used in this work was monitored by microscopy using an Axio Imager Z2m microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany).
Conclusions
In summary, these studies revealed the high efficacy of a new biocatalytic system in the form of bacterial cells immobilized in PVA cryogel for BC production. By using the porous support as the matrix for the cell immobilization, it becomes possible to deceive cells, and we did not allow them to cover themselves with the BC layer, which normally stops the cell functioning. Immobilized cells in a state of highly concentrated populations have substantially higher rates of metabolic processes and a higher yield of the target product when compared with free cells, resulting in increased efficiency of the overall process of BC production. Furthermore, these studies demonstrated the possibility of repeated use of immobilized cells retaining 100% of their metabolic activity for at least 10 working cycles (60 days). The approach based on the application of immobilized cells enables obtaining BC possessing the same crystallinity and porosity as in the process with free cells, but having improved stiffness and tensile strength. Various media containing sugars and glycerol, based on hydrolysates of agricultural materials and biomass of microalgae, were successfully applied as effective sources for BC production by immobilized cells.
